Purpose: Survival is highly variable in women with bone metastases from breast cancer and prognostic factors are needed. We analyzed data from a phase III trial comparing zoledronic acid (ZOL) with pamidronate in patients with breast cancer and bone metastases to identify variables prognostic for overall survival.
Introduction
Among patients with advanced breast cancer, approximately 65% to 75% will develop bone metastases (1) , which weaken the structural integrity of the skeleton and can result in painful and potentially disabling skeletal-related events (SRE) including pathologic fracture, the need for radiotherapy or surgery to bone, spinal cord compression, and hypercalcemia of malignancy. Overall, SREs have been associated with reduced performance status, impaired health-related quality of life, shortened survival, and increased bone pain (2, 3) .
There is ongoing interest in identifying prognostic variables that could predict a patient's risk for disease progression and death. For example, age, clinical status of nodes, tumor size, race, and number of positive nodes have been reported as prognostic factors for survival in patients with breast cancer that is limited to local or regional sites (4) . More recently, factors such as human epidermal growth factor receptor-2 (HER2) expression have been strongly associated with overall survival (OS) prognosis (5) , and there has been considerable progress in the development of gene-expression-based prognosis for survival (6) . In addition, the identification of circulating tumor cells (CTC) has been approved as a prognostic marker to assess response to treatment in patients with metastatic breast cancer (7) , and the CellSearch (Quest Diagnostics) assay for CTCs is claimed to be a strong, independent predictor of OS, and progression-free survival. Among women with bone metastases from breast cancer, median survival is approximately 2 to 3 years (8) , in comparison with the 12-to 18-month median survival in patients with liver metastases (9) . Unfortunately, specific prognostic models for long-term survival in patients with bone metastases from breast cancer are not well developed (10) (11) (12) (13) (14) . We have previously shown that elevated baseline levels of the biochemical marker N-telopeptide of type I collagen (NTX) were associated with an increased risk of SREs (15, 16) , and normalization of NTX levels correlated with reduced risks of fracture, SREs, and death versus persistently elevated NTX after 3 months of treatment with zoledronic acid (ZOL; refs. 17, 18) . Factors such as prior SRE, number of bone lesions, and the severity of bone pain may also provide insight about SRE risk (19, 20) . Because a range of systemic treatments is now available and many patients with breast cancer will survive for several years after diagnosis of bone metastases, it is important to identify factors that are prognostic for survival to tailor treatments accordingly.
The phase III, randomized, controlled trial comparing ZOL with pamidronate in patients with bone metastases from breast cancer (21, 22 ) generated an extensive database of baseline clinical and biochemical parameters with longterm (25-month) clinical follow-up that can be used for correlative analyses (23) . A recent multivariate analysis of baseline variables in this trial identified prognostic factors for SRE risk including age, pain score, prior history of an SRE, predominant lesion type, elevated bone-specific alkaline phosphatase (BSAP), and elevated lactate dehydrogenase (LDH; ref. 24) . The current exploratory analysis uses data collected prospectively in the above trial and was conducted to investigate prognostic variables for OS among patients with bone metastases from breast cancer enrolled in the ZOL arm of the pamidronate-controlled trial.
Materials and Methods

Patient population
Data were obtained for patients with bone metastases from breast cancer who were enrolled (October 1998 to December 1999) in the international, randomized, phase III trial comparing ZOL with pamidronate (21-23). All patients had at least 1 radiographically confirmed bone lesion, Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 to 2, serum creatinine 3 mg/dL (265 mmol/L) or more, and no prior bisphosphonate therapy. In this trial, patients were randomized to pamidronate (90 mg every 3-4 weeks) or either of 2 ZOL treatment arms (4 mg or 8 mg every 3-4 weeks) for up to 2 years. During the trial, the ZOL 8-mg dose was reduced to 4 mg for renal safety and is referred to as the 8/4-mg group. All patients enrolled in the trial provided written informed consent. To preserve homogeneity of bisphosphonate treatment and because of the large numbers of patients available, only patients with breast cancer in the ZOL treatment groups were included in the analyses reported herein. In the subset of patients who enrolled in North American treatment centers, all baseline prognostic factors including biochemical markers of bone turnover (e.g., BSAP and NTX) were assessed at baseline and at months 1, 3, 6, and 12 of the study.
Laboratory procedures
Laboratory samples were collected and processed locally on study enrollment at the baseline visit according to the strict standard operating procedures (SOP) set by the study. Sample storage and shipping to regional GCP-accredited central laboratories (Mayo Medical Laboratories in North and South America; BARC in Europe, Australia, and South Africa) also adhered to the study SOPs. Samples were analyzed as per guidelines set by each regional central laboratory. Patient baseline samples for laboratory analysis were measured at the time of enrollment, not at the time of bone metastasis diagnosis.
Statistical analyses
Patients with breast cancer who received ZOL (both the 4-mg and 8/4-mg groups) who also had assessments of biochemical markers of bone metabolism and complete data sets of baseline variables (n ¼ 435) were included in the statistical models. Nineteen baseline variables with potential prognostic value, including age, race, weight, predominant radiographic appearance of bone lesion(s)-osteolytic, osteoblastic, and other-Functional Assessment of Cancer Therapy-General (FACT-G) score, ECOG PS, history of SRE, history of chemotherapy, concomitant endocrine therapy, presence of extraskeletal metastases (with this variable being subdivided into liver and nonliver metastases as it was possible that patients with liver metastases may have a different survival pattern compared with those with other extraskeletal metastases), NTX, BSAP, lymphocyte count, hemoglobin, serum glutamic oxaloacetic acid, albumin, creatinine, and total serum LDH, were included in the univariate and full multivariate Cox regression models to assess relative risk and associated 95% confidence intervals (CI) for death throughout the 24-month trial.
All models were stratified based on time since diagnosis of primary cancer (<5 vs. !5 years) and by ZOL treatment group. Patient age was categorized into <50, !50 to <60, !60 to <70, and !70 years of age. Patient weight was categorized
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into <60, !60 to <70, !70 to <80, and !80 kilograms. Patient FACT-G score was categorized into <65, !65 to <75, !75 to <90, and !90 units. At the time this trial was conducted, HER2 and estrogen receptor status of the primary tumor were not routinely assessed. Laboratory values (including bone marker levels) were treated as dichotomous variables using either the established upper limit of normal (ULN) as the cut-off point or the respective ULN from each specific laboratory for each patient's assessments; the only exception was for hemoglobin, where the median value of 12 g/dL was used. Serum LDH levels were categorized into 3 different levels using laboratory specific (because of variations in this international trial, absolute cut-off values would have been less appropriate) ULN and 2 Â ULN as cut-off points (i.e., LDH < ULN; ULN LDH < 2 Â ULN; LDH ! 2 Â ULN). All other variables were treated as dichotomous (yes vs. no).
For all analyses, associations were considered statistically significant if their associated P value was <0.05. Reduced multivariate models were generated by stepwise backward elimination until only significant (P < 0.05) variables remained. Kaplan-Meier estimates were computed to graphically summarize the distribution of time to death stratified by newly identified prognostic variables.
Results
Patients
Among patients with bone metastases from breast cancer enrolled in the phase III trial comparing ZOL with pamidronate (N ¼ 1,130), a total of 742 patients were randomized to the 2 ZOL arms of the study (ref. 22 ; Table 1 ; ref. 24) . The majority of patients (81%) were less than 70 years of age, had some impairment in ECOG-PS (65%), had a prior SRE (59%), and had received prior chemotherapy (76%). Among the 742 patients in the ZOL arms, a complete baseline assessment for all 19 variables of interest was available for 435 patients, who were therefore included in the models described below. The median time from diagnosis of bone metastasis to study entry was 3.75 months.
Univariate and multivariate models of overall survival
Risk factors that could potentially influence OS were evaluated in univariate analyses for each of the 19 baseline quartile-based categorical and dichotomous variables. Among these variables, 15 were found to be associated with a significant increase in the risk of death, including low weight, low FACT-G score, ECOG PS ! 1, prior SRE, prior chemotherapy, concomitant hormone therapy, metastases, osteoblastic lesions, elevated NTX, elevated BSAP, elevated hemoglobin, elevated aspartate aminotransferase (AST), elevated albumin, and elevated LDH ( Table 2 ). The remaining variables (age, race, lymphocyte counts, and serum creatinine) were not significantly associated with increased risk of death.
However, only 5 covariates were significantly associated with increased risk of death after adjustment for all other variables in the full multivariate model. These included advanced age, low FACT-G score, ECOG PS ! 1, prior chemotherapy, and elevated LDH (Table 2) , with LDH being the only statistically significant laboratory parameter. The 5 variables that were associated with a statistically significant increase in risk of death remained significant covariates after applying stepwise backward elimination of all nonsignificant variables in the multivariate model (Fig. 1) . In the reduced model, elevated LDH [a factor previously identified as a prognostic marker in other cancers (25) (26) (27) (28) (29) , but not specifically in patients with advanced (27) breast cancer and bone metastases] showed a strong correlation with risk of death. Patients with LDH levels ! 2 Â ULN had an almost 6-fold increased risk of death compared with patients whose LDH levels were below the ULN (RR 5.937; P < 0.0001).
LDH as a prognostic marker of survival in advanced breast cancer Using the ULN and 2 Â ULN as cutoff points, the resulting 3 LDH populations had significantly different survival, and between-group differences were apparent throughout the course of the study (P < 0.0001; Fig. 2 ). Patients with LDH levels < ULN had the best OS, and approximately 65% of patients were still alive at 24 months' follow-up. In contrast, the median survival among patients with LDH levels ! ULN but <2 Â ULN was approximately 17 months, and those patients with LDH levels !2 Â ULN had the worst OS (median $5 months). At the 12-month time point, Cox regression analyses showed that significant prognostic factors predictive of >30% risk of death included high LDH, weight < 60 kg, albumin < 35 g/L, FACT-G < 65 units, and SGOT ! ULN. Notably, baseline LDH levels were a consistent predictor of mortality throughout the study (e.g., at the 6-, 12-, and 18-month time points).
Discussion
The registration trial comparing ZOL with pamidronate in patients with bone metastases from breast cancer generated an extensive database of demographic characteristics, concomitant therapy, and clinical outcomes, including survival and laboratory parameters that provide a rich data source for exploratory analyses. All patients in the current analysis received ZOL therapy, which remains a standard of care for patients with bone metastases from solid tumors (25) . Access to this database has permitted this large, multicenter, multivariate analysis of factors prognostic for survival in patients with bone metastases from breast cancer (30) . A key finding from these analyses is the emergence of LDH as a significant and powerful prognostic variable for risk of death in patients with advanced breast cancer.
Other prognostic variables that remained significant in multivariate models included age, ECOG performance status, prior chemotherapy, and FACT-G score. Because these variables have been well recognized as factors prognostic for survival in patients with metastatic breast cancer (14, 31) , they provide validation for the methodology used in the current analyses. Univariate and multivariate analyses have identified baseline bone biomarker levels such as NTX and BSAP as prognostic factors for occurrence of SREs in patients with bone metastases (24, 32) . However, although both NTX and BSAP were significantly correlated with risk of death in the univariate model in the current analysis, this statistically significant correlation was not maintained for either biomarker in the multivariate model (Table 2) .
Notably, LDH is a key enzyme in energy production in many tissues and cell types, and LDH serum concentrations become elevated following tissue injury or during disease states. The potential role of LDH as a prognostic biomarker in oncology has long been recognized. In patients with Ewing's sarcoma of bone (N ¼ 618), baseline serum LDH levels were significantly higher in patients with metastatic disease (P < 0.0001) and prognostic of shorter disease-free survival in patients with localized disease versus patients with normal LDH levels (P < 0.0001; ref. 33 ). In small cell lung cancer, serum LDH has been shown to be a significant predictor of survival (29, 34) and is used routinely for assisting treatment decisions using, for example, the Manchester Prognostic Score, which includes serum LDH among a panel of markers (35) . In non-small cell lung cancer, analysis of a large database (N ¼ 2,531) found that normal baseline LDH levels were predictive of better survival (25) . Correlations between baseline LDH levels and survival also have been observed in patients with multiple myeloma, mantle cell lymphoma, and prostate cancer (26) (27) (28) . Recently, studies in metastatic melanoma have reported that LDH is prognostic for survival (36) and LDH correlated significantly with stage of disease (37) . In other recent studies, serum LDH levels were the main prognostic factor for colorectal cancer in a survival prognostic model (38) . Moreover, the addition of LDH to the International Myeloma Staging Model was found to improve prognostic value (39) . Taken together, these various analyses support the potential prognostic value of baseline LDH levels across several tumor types.
Construction and validation of a practical prognostic index for patients with metastatic breast cancer was reported by Yamamoto and colleagues (40) . Multivariate analyses of data from 233 patients with metastatic breast cancer showed that LDH was among 5 factors prognostic for survival. These 5 factors were used to construct a prognostic index that was prospectively evaluated in a validation set of 315 patients with metastatic breast cancer. Notably, a new prognostic score that includes serum LDH measurements has been proposed for patients with brain metastases. This 7-factor prognostic score, which includes serum LDH and HER2 overexpression, successfully predicted survival for a heterogeneous group of 130 patients (41) .
A recent study claimed to prospectively validate 2 prognostic scores (combining LDH and either performance status or lymphocyte count) for survival in patients with cancer after first-line chemotherapy (42) . All eligible patients (n ¼ 299) with metastatic cancer treated at a single center were included, of whom 132 patients had breast cancer (estimated 100-110 with bone metastases). Few previous studies have focused on the prognostic value of LDH in patients with bone metastases. In a retrospective analysis of patients with bone metastases from castrationresistant prostate cancer (N ¼ 643), elevated baseline serum LDH levels (>454 U/L) were associated with a nearly 3-fold increased risk of death in the univariate model (RR 2.83; P < 0.001), and with a 2-fold increased risk of death in the reduced multivariate model (RR 2.01; P < 0.001; ref. 43 ). Analyses in a smaller group of patients with bone metastases from prostate cancer (N ¼ 60) showed that serum LDH level was a significant prognostic indicator for survival both in univariate (P ¼ 0.0049) and multivariate (P ¼ 0.0371) analyses (44) . The current study is believed to be the first to focus on a large cohort of breast cancer patients with bone metastases) in a multicenter setting. Although it is recognized that different isoforms of LDH exist and can be measured separately, a key advantage of total serum LDH as a prognostic indicator is that it is extremely convenient and inexpensive to measure. It is fortunate that total serum LDH in this and other oncology studies is strongly associated with survival, without the need to measure individual isoforms.
The current exploratory analysis used a patient population with bone metastases treated with ZOL, which remains a current standard of care for bone-targeted therapy. However, after the data were collected in this patient population, estrogen receptor and HER2 status in breast cancer came to be routinely measured on tissue blocks. Furthermore, there have been advances in cytotoxic therapy with newer agents such as docetaxel, routine use of aromatase inhibitors as a key component of hormonal therapy, and routine use of targeted therapies such as trastuzumab. In addition, CTCs are in more common use as potential prognostic markers. Although changes inevitably occur during the gathering of data from large studies, the question arises as to whether such changes will affect the prognostic relevance of LDH determined in this study.
Indirect evidence is reassuring in this regard. For example, in a recent study of potential prognostic factors in metastatic prostate cancer (n ¼ 104), LDH remained a significant prognostic factor even though newer factors such as HER2 overexpression were included in a multivariate analysis (45) . Also, in castration-resistant prostate cancer, a study of the prognostic value of CTCs concluded that the factors most predictive for survival were high LDH concentration and elevated CTC counts (P < 0.001, both; ref. 46) . In a study of 996 myeloma patients, Terpos and colleagues found that high versus normal LDH had a major impact on OS even when patients have received novel agent-based therapies (median OS 21 versus 51 months, respectively; P < 0.001; ref. 39).
We have considered the possible effects of "false positives" that have been reported to occur in assessment of LDH. The effects of any bias introduced by these have been minimized by using categorical LDH values instead of Figure 2 . Kaplan-Meier estimates for overall survival of patients with bone metastases from breast cancer treated with ZOL using multivariate modeling by LDH levels.
absolute measurements. Also, the possibility of false positive LDH results would actually reduce the chance of showing an association when one exists. Thus, if false positives were present in the data, the model would more likely yield conservative estimates of the association between LDH and survival.
There are potential limitations in this study worthy of note. Laboratory-specific ULNs for LDH were used to specify cut-off points, in preference to an absolute LDH value as the cutoff. This was considered appropriate to reflect local factors and because some variation in absolute reference ranges was reflected in the ULN across centers. Consequently, it is difficult to directly compare data obtained in this study with those previously reported for patients with advanced cancer with or without bone metastases. If LDH is to be used in the future as a prognostic factor for survival for breast cancer patients with bone metastases, it is desirable to agree on a common way of expressing LDH values across centers. This study had a limited follow-up period and duration of bisphosphonate use, being confined to the duration of the original phase III study. The LDH assessment was recorded at study entry and not at the time of diagnosis of bone metastases (median difference 3.75 months). However, given that the average survival for patients with advanced breast cancer was typically 18 to 26 months after diagnosis of bone metastases, depending on hormonal therapy (23), the limited follow-up is not likely to have any substantial impact on the survival data.
On the basis of the current study, the combination of LDH with other prognostic factors into a weighted prognostic score for survival in patients with bone metastases from breast cancer would be a valuable next step. Such a score would then require confirmation and validation in a future prospective study before adoption into new management guidelines. Assessment of LDH should, therefore, be incorporated into future large breast cancer studies, and LDH also may be an important stratification factor in the design of future randomized trials.
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